Abstract: Construction is a hazardous industry in which accidents occur frequently. Occupational accidents at construction sites are a serious public health issue in Korea. Construction site conditions often create dangerous situations by requiring workers and heavy equipment to work in close proximity to each other. In 2015, approximately 11% (46) of the 437 occupational fatalities in the construction industry in Korea resulted from workers colliding with objects or equipment. In this paper, we present a proximity warning system developed to address this issue and enhance safety at construction sites. The proposed technology functions in real time to alert workers and equipment operators of hazardous proximity situations. Also, when the radio frequency identification (RFID) sensor detects an approaching worker, the main board instantly shuts down the excavator for the prevention of accident. This system contains an RFID tag, RFID reader, alarm device, camera, a display device (the Around View Monitor), and excavator control technology. A field test demonstrated successful performance of the proposed system. It is widely applicable in small construction fields alongside excavators and other equipment because this system does not require additional communication infrastructure, such as servers.
Introduction
Occupational injuries from the construction field are a global public health issue, whereas the construction sector is a hazardous industry in which occupational accidents occur most frequently around the world [1] . Usnar and Sut [2] confirmed that from 2000 to 2005 in Turkey, occupational fatalities of the construction industry were much higher than in any other industry. According to Fabiano et al.'s [3] analysis from 2000 to 2004, the building industry is one of the highest risk sectors in Italy. Similarly, in Korea, an occupational accident is an important issue. Mortality rates of the construction field remained the highest among all the other economic sectors from 2011 to 2015 [4] .
Generally, a construction site involves personnel, equipment, and materials performing multiple tasks. The equipment and workers perform continuous dynamic activities in a specific space. At times, the construction equipment operates in dangerously close proximity to workers. Such conditions can lead to collisions between workers and construction equipment, incurring the risk of personal injuries. In addition, construction equipment can be damaged in collision accidents. It has been shown that the proximity of workers to heavy equipment is a primary safety problem in construction [5] . Many of these accidents are caused by visibility problems of equipment operators [6] . Much research has investigated real-time safety technology to reduce or prevent safety accidents at construction sites [7, 8] . Fosbroke [9] identified various factors leading to contact collisions at construction sites. Zhu et al. [10] proposed a technique that could improve construction site safety by predicting the movements of onsite workers and mobile equipment. Lee et al. [11] developed a radio frequency identification (RFID)-based real-time locating system (RTLS) for construction safety management. Teizer [12] tested construction site applications of magnetism-based proximity detection and alarm technology for safe heavy equipment operation. Seo et al. [13] proposed computer vision techniques to improve construction safety and health monitoring.
The purpose of the current research is to develop proximity detection and control system for prevention of collision accidents caused by excavators, a major type of construction equipment. The proposed system utilizes RFID technology and the Around View Monitor (AVM) to detect the approach of workers and alert them to dangerous situations using an alarm device. Also, the technology shuts down the excavator automatically when it is necessary. The rest of this paper is organized as follows. First, it reviews the literature on existing real-time proximity detection and alert technologies for prevention of collision accidents. Second, it describes the motivation and purpose for this paper. Third, it describes the configuration and functions of the developed system. Finally, the methodology and results of the system performance test are presented.
Research Trend

Review of Proximity Warning Technology
In 1998, the Mine Safety and Health Administration (MSHA) proposed a rule change to install a proximity warning system on mine equipment to prevent collision accidents [14] . Researchers at the National Institute for Occupational Safety and Health (NIOSH) evaluated several proximity warning technologies that can be used to detect the presence of an obstacle and provide an alert to the equipment operator [15, 16] . The study was conducted to verify the feasibility of commercially available proximity warning technologies that could be applied to dump trucks in a mine. The proximity warning systems used in the test included radar, radio frequency identification (RFID), and global positing system (GPS) technologies. Researchers at the NIOSH concluded that these proximity warning systems showed potential for reducing collision accidents involving equipment at the mine site. NIOSH developed a proximity warning system called HASARD (hazardous area signaling and ranging device) to reduce collision accidents with heavy mining equipment [17] . The HASARD system employs magnetic sensing technology and is composed of two parts, a transmitter and a receiver. The transmitter produces a magnetic field at the equipment areas, and the worker-mounted receivers detect the magnetic field strength and alert workers near the hazardous equipment.
GPS has also been used to prevent equipment-related collision accidents in underground or surface mining. For collision accident prevention between workers and heavy equipment in mines, Nieto [18] developed a GPS-based proximity warning system that employed a combination of GPS, a wireless networking system, and a 3D graphics display interface. It used GPS technology to track the positions of the heavy equipment and automatically alerted the operators to equipment proximity hazards. To achieve this, reliable GPS units and onboard computer systems were mounted on the heavy equipment. The system was also able to generate 3D digital maps of the work area during equipment operation. The system used the 3D mapping system to generate a 3D model of the heavy equipment based on location information (xyz coordinates) of the GPS device. The operator could visually monitor the surrounding area for dangerous situations through the screen device installed on the equipment. Nieto and Dagdelen [19] , and Ruff and Holden [20] showed that GPS-based proximity warning systems have the potential to significantly reduce collision accidents. Through additional research, Nieto et al. [21] developed a new proximity warning system that combined GPS with a transmission-locking mechanism. This mechanism [21] can automatically prevent equipment from moving when a high risk of collision accident is detected. For timely warnings about approaching equipment at long distances (10-100 m), Sabniveesu et al. [22] developed a GPS-based warning system integrated with wireless communications that operated in an ad-hoc mode. In addition, they designed a cloud-based data-logging system to facilitate the collection of long-term data about locations of several pieces of equipment. They evaluated this collision warning system for feasibility through a field test. Recently, GPS devices together with wireless communication technology are increasingly being used for prevention of collision accidents with heavy equipment and for safety management.
Proximity warning systems using GPS and RF technology have also been applied at construction sites. Oloufa et al. [23] developed a situational awareness system for construction equipment using GPS, wireless communications, and web-based technologies. For construction equipment tracking and collision avoidance, researchers designed a system that transmits position data in real time from the GPS receivers mounted on the equipment. Lee et al. [24] developed a safety monitoring system to reduce fatal accidents at a construction site. The system was composed of a hybrid sensing device (including ultrasonic and infrared sensors) for detecting the workers, a transmitter and repeaters for sending the detection data to a receiver, a receiver connected to the main computer, and software for data analysis. The monitoring system operated in three stages: (1) detecting workers' approaches; (2) acquiring and transmitting data; and (3) managing worker safety. This system was intended to reduce fatal accidents on the construction site. Chae and Yoshida [25] designed an RFID-based monitoring system for prevention of accidents involving heavy equipment, such as excavators, cranes, and trucks. Implementation of the system required a communication technology and a hand-held device to transmit an alarm signal that could be confirmed by the workers. To prevent falling and proximity accidents at construction sites, Wu et al. [26, 27] investigated the application of ZigBee/RFID sensor network technology. In a similar study, Yang et al. [28] proposed a safety management system based on a ZigBee-enabled wireless sensor network and RFID technology. Kelm et al. [29] proposed an RFID-based automatic identification system that allows compliance checking of the personal protective equipment (PPE) worn by workers at construction sites. The use of PPE is important to protect the health and safety of construction workers. This system can automatically check that the workers are wearing the necessary PPE components before starting tasks in the work area.
Some researchers have proposed preliminary testing methods to evaluate the reliability of various proximity warning systems for construction site applications. Teizer et al. [5] presented a radio frequency (RF)-based proximity warning technology and evaluated its performance through a field experiment. The system used RF technology at a very-high frequency (VHF) near 700 MHz, and it was composed of equipment protection units (EPUs) and personal protection units (PPUs). The EPUs were installed inside the equipment, and the PPUs were deployed on the workers. Each EPU transmitted signals in a radial manner, and each PPU estimated the distance based on the intensity of the RF signal. Once the user-specified signal strength was met, warning signals (including auditory, visual, and vibrating alarms) were emitted in real time. Through a field test, they demonstrated that this system could be used to prevent collision accidents on construction sites. Marks and Teizer [30] presented a testing method and demonstrated its ability to evaluate the reliability and effectiveness of RF-based proximity warning systems in construction environments. Similarly, Choe et al. [31] proposed a method to evaluate ultrasonic and radar-based warning technologies. Teizer [12] evaluated the reliability and effectiveness of a magnetic field proximity warning system in a harsh construction environment.
Summary of Previous Research
Over the past several years, studies of proximity warning systems have been performed by many research groups [7, 8] . These researchers argued that the appropriate use of various sensor technologies could be effective in preventing accidents during dangerous proximity situations. Proximity warning technologies implemented at various industry sites provide alerts to workers and equipment operators in real time when a dangerous proximity situation is occurring. Most proximity warning system consists of sensors (such as, radar, RFID, and GPS) mounted on the equipment that detect the presence of obstacles, and an alarm interface [21, 32] . These systems can reduce collision accidents by alerting workers and equipment operators when equipment gets too close. However, many proximity warning technologies, such as RF and GPS, have unique limitations when deployed at a construction site, such as availability of signal, weight, size, power source, reliability, and price [16, 33, 34] . For example, radar sensors are not suited to use in harsh environments that include obstacle objects that can trigger false alarms [34, 35] . In an RF-based warning system, transmitters and receivers must be installed on all workers and equipment to achieve a proper effect [5] . GPS offers many benefits, but it has the disadvantage of being expensive [21, 23] . Thus, these proximity warning systems need further testing and practical implementation strategies before they can be widely used at industry sites. Further, the proximity warning systems for various construction equipment types must be determined based on equipment sizes and characteristics. Table 1 provides a qualitative overview of the characteristics of sensing technology for the proximity warning system. 
Research Motivation and Scope
Past research has shown the applicability of RFID technology for accident prevention [25] [26] [27] [28] [29] 37] . The RFID system is a technology that identifies objects using radio waves of different frequencies. Generally, an RFID system consists of an RFID tag and an RFID reader, and it has the following advantages. (1) An RFID system requires little maintenance; (2) It can easily be designed to meet user requirements (including cost and size); (3) It can read multiple tags at a high rate; (4) It is unlikely to malfunction due to the positive nature of tag detection; (5) It is easy to install and apply at construction sites. For these reasons, RFID technology is ideal for use at harsh construction sites. However, it does not provide information for visually distinguishing objects. This limitation can be overcome by combining it with video technologies. A display device can provide visual information to equipment operators, making proximity warning systems more effective. However, the operator must constantly observe the monitor to check for hazardous situations. In addition, it takes time to control the equipment after recognizing a dangerous situation. Therefore, operators could be unable to avoid dangerous situations. Also, it is necessary to develop a technology that can recognize proximity hazards and control the equipment in real time. The aim of the current research is to develop and test a real-time excavator control system using RFID and an AVM to enhance safety at construction sites. AVM systems have been developed by many automobile companies as driver assistance systems [38] . An AVM system is a technology that provides an operator with a 360 • image of the surroundings.
Proximity Warning and Excavator Control System
System Concept
The proposed system involves three technologies: an AVM system for visual monitoring, an RFID system for automatic detection of workers, and an excavator control system for prevention of collision accidents. These technologies are combined in a real-time proximity warning and excavator control system called SEWOONDA. As shown in Figure 1 , the camera and RFID antenna are mounted on the excavator to detect approaching workers. The AVM is mounted on the excavator cabin and provides a view of the surroundings. In addition, the AVM provides audible and visual warning information to the equipment operator if a hazard signal is received from the RFID antenna. The operator of the excavator can monitor the approach of a worker through the AVM. An RFID tag is deployed to each worker in the construction site. An RFID antenna is installed on the side or back of the excavator and emits radio frequency signals. The RFID antenna recognizes the RFID tags of workers approaching the excavator. A control valve is connected to the hydraulic valve of the excavator that controls the flow of oil for excavator operation. This valve can be used to automatically stop the excavator. All the functions of the SEWOONDA system are controlled by the main control board in real time. Figure 2 shows the entire operation scenario of the proposed system and Figure 3 shows a block diagram of the hardware. It is widely applicable in small construction fields alongside excavators and other equipment because this system does not require additional communication infrastructure, such as servers. Table 2 shows the main differences between the proposed technology and the conventional proximity warning system for preventing collision accidents. Further details of the proposed system are explained in the following subsections. of the excavator and emits radio frequency signals. The RFID antenna recognizes the RFID tags of workers approaching the excavator. A control valve is connected to the hydraulic valve of the excavator that controls the flow of oil for excavator operation. This valve can be used to automatically stop the excavator. All the functions of the SEWOONDA system are controlled by the main control board in real time. Figure 2 shows the entire operation scenario of the proposed system and Figure 3 shows a block diagram of the hardware. It is widely applicable in small construction fields alongside excavators and other equipment because this system does not require additional communication infrastructure, such as servers. Table 2 shows the main differences between the proposed technology and the conventional proximity warning system for preventing collision accidents. Further details of the proposed system are explained in the following subsections. of the excavator and emits radio frequency signals. The RFID antenna recognizes the RFID tags of workers approaching the excavator. A control valve is connected to the hydraulic valve of the excavator that controls the flow of oil for excavator operation. This valve can be used to automatically stop the excavator. All the functions of the SEWOONDA system are controlled by the main control board in real time. Figure 2 shows the entire operation scenario of the proposed system and Figure 3 shows a block diagram of the hardware. It is widely applicable in small construction fields alongside excavators and other equipment because this system does not require additional communication infrastructure, such as servers. Table 2 shows the main differences between the proposed technology and the conventional proximity warning system for preventing collision accidents. Further details of the proposed system are explained in the following subsections. 
AVM System
AVM technology is the main technique for prevention of collision accidents adopted in advanced vehicle assistance systems [39] . Generally, an AVM system receives input images from multiple fisheye cameras mounted on the vehicle (front, rear, left, and right sides) in real time and processes them to display a top-view (360 • surrounding views) image via a color screen. Figure 4 shows a general flowchart of the AVM system. A fish-eye lens typically creates radial distortion. To provide a top-view image from multiple fisheye cameras, the first step is to correct the radial distortion of the images. Generally, researchers have calibrated cameras using the polynomial model [40, 41] and the FOV model [42] to correct for the radial distortion [43, 44] . In the current study, we applied a radial distortion correction method based on the FOV model proposed by Park et al. [44] . Next, those corrected images must be projected onto a planar surface to obtain a 360 • surrounding view image. For this process, we used a homography technique [45] , which is the most common image processing technique to deform an image, and it is widely used in AVM systems [39, 46, 47] .
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RFID System
For the proposed system, we selected commercial RFID technology as the real-time worker detection method. The RFID reader transmits detection signals to the main control board if tag recognition information is received from the RFID antenna. The RFID antenna is mounted on the side or back of the excavator, and the RFID reader is connected to the main control board. The tag is attached to workers who need to be detected in the working area. In this study, we used passive RFID tags with relatively low prices [49] . In general, passive tags can be read from distances up to 10 meters, but the read range depends on the frequency band and tag type [50] . Figure 8 shows an RFID antenna and bracket that were redesigned to be easily installed on an excavator. Table 3 lists the specifications of the RFID system. The alarm device is mounted on the excavator and provides both audible (speaker) and visual (LED) warning information when a detection signal is received from the main control board. 
Excavator Control System
Generally, an excavator system consists of an engine, pumps, hydraulic valves, and actuators [51] . Figure 9 shows the configuration of a common excavator. The pumps are propelled by the engine, and they deliver the necessary fluid power to each actuator for operation. The hydraulic valves consist of the main control valve (MCV) and multiple on/off-type valves connected to each actuator. These valves are used to control the flow rate of the oil to control the output and speed of the actuator. The actuator acts to convert the oil pressure into mechanical work. For more information on excavator systems, please refer to the following paper [52] . 
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The main issues when designing an excavator operation control system are to achieve (1) simple installation of the device, (2) automatic real-time control, and (3) economic effectiveness. In this study, we propose an automatic control method to prevent collision accidents, as described in Table 4 . In an excavator system, the main flow rate supplied to each actuator is controlled by the spool of the main control valve, and the spool displacement is controlled by the pilot pressure via a joystick. It is possible to add a control valve between the joystick and the spool so that it allows the excavator to be stopped by shutting off the pilot flow, in the event of a hazard (Table 5) . For this purpose, a control valve is designed, as described in Table 6 . There are two types of control valves, a swing control valve, and a travel control valve. A solenoid valve is attached to each control valve, and it is operated via the main control board, as follows. (1) Normally, in the proposed system, the control valve is closed so that it works similarly to that of a conventional excavator system. (2) When the RFID system senses danger, such as when it detects approaching workers, the main control board transmits an electrical signal that allows the control valve to be opened so that the pilot oil flows to the oil tank instead of the MCV (spool). This restriction of main oil flow to the actuator stops the excavator's operation. The main issues when designing an excavator operation control system are to achieve (1) simple installation of the device, (2) automatic real-time control, and (3) economic effectiveness. In this study, we propose an automatic control method to prevent collision accidents, as described in Table 4 . In an excavator system, the main flow rate supplied to each actuator is controlled by the spool of the main control valve, and the spool displacement is controlled by the pilot pressure via a joystick. It is possible to add a control valve between the joystick and the spool so that it allows the excavator to be stopped by shutting off the pilot flow, in the event of a hazard (Table 5) . For this purpose, a control valve is designed, as described in Table 6 . There are two types of control valves, a swing control valve, and a travel control valve. A solenoid valve is attached to each control valve, and it is operated via the main control board, as follows. (1) Normally, in the proposed system, the control valve is closed so that it works similarly to that of a conventional excavator system. (2) When the RFID system senses danger, such as when it detects approaching workers, the main control board transmits an electrical signal that allows the control valve to be opened so that the pilot oil flows to the oil tank instead of the MCV (spool). This restriction of main oil flow to the actuator stops the excavator's operation. Table 4 . Comparison between the proposed system and a conventional system.
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Finally, the main control board we developed to operate the system is shown in Figure 10 . The main control board, RFID board, AVM board, and control board are included. Figure 11 shows an overview of this system. All of the communications in the proposed system are managed via the main control board, except for the communication that occurs between the RFID tag and the RFID antenna. A total of four cameras and four RFID antennas can be connected to the main control board. A safety supervisor can flexibly adapt the AVM system or RFID system according to their budget and work environment. Table 6 . Control valve.
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Experiments
This system was evaluated in several different experimental settings, executed to measure the reliability and effectiveness of the proximity warning and excavator control system for collision prevention between a worker and an excavator. Past research [30, 31] has developed preliminary testing methods to evaluate various proximity warning systems for prevention of collision accidents. In this paper, we designed the experimental methods based on these test methods.
Temperature Cycle Test
A temperature cycle test was conducted to evaluate if the system could resist cyclical temperature changes (low and high temperatures) within an air environment. The system was tested from Tmin = −10 °C to Tmax = 50 °C. After the temperature cycle test experiment was completed, the sample was allowed to stand at ordinary temperature for 2 h, and apply the rated voltage to confirm the function (normal operation). As a result of the test (Figure 12 ), the proposed system was confirmed to normal operate at −10 °C to 55 °C (relative humidity, 90%). 
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Reliability of AVM System
In this study, to evaluate the reliability of AVM system, we performed various experiments both at laboratory scale and in the actual field. In this AVM system, four fisheye cameras (front, right side, left side, and rear) and a display device have been integrated via a cable line. Operation of the AVM system has been tested for 24 h at laboratory scale and 1 h in the actual field. A pictorial view of laboratory scale working is demonstrated in Figure 13a -c. During the whole experiment, the AVM system worked properly. The AVM reliability test in actual field conditions is shown in Figure 13a -c. Again, during the observation time, the AVM system showed normal working. For both experiments, this AVM system continuously displayed without any distraction/distortion. 
RFID Detection Area Test
In order to evaluate the RFID detection area and alarm alert, testing RFID proximity under different conditions is an essential part to measure its reliability. Therefore, to evaluate the proximity of the RFID system and alert ability of the alarm system, four different experiments were performed under different conditions. These experiments measured the performance of the system in terms of detection, under different operating and environment conditions. Each experiment is explained as follow.
To evaluate the coverage area of RFID detection system, a test was performed by setting RFID antenna and tag perpendicular to the ground surface facing each other (Figure 14) . Both antenna and tag were set at the same height (2.0 m) from the ground. The RFID antenna was attached with an alarm system and its position was fixed. In this experiment, the position of the RFID tag was changed while approaching towards the RFID antenna front side straight along radial lines. These radial lines were separated from each other at a constant interval of 10 • . Every time the RFID tag approached the detection range of the RFID antenna in the case of each radial line, the attached alarm system was activated. As the alarms were activated, the distance was measured, giving the proximate distance at a particular angle to the RFID antenna. The same procedure was repeated 10 times for each angle. In this test scenario, it was expected that the RFID system enables maximum detection area performance. The alert distance measurement provided with the proximity coverage area of RFID detection, which has been plotted on coverage area graph, is shown in Figure 15 . 
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To evaluate the coverage area of RFID detection system, a test was performed by setting RFID antenna and tag perpendicular to the ground surface facing each other (Figure 14) . Both antenna and tag were set at the same height (2.0 m) from the ground. The RFID antenna was attached with an alarm system and its position was fixed. In this experiment, the position of the RFID tag was changed while approaching towards the RFID antenna front side straight along radial lines. These radial lines were separated from each other at a constant interval of 10°. Every time the RFID tag approached the detection range of the RFID antenna in the case of each radial line, the attached alarm system was activated. As the alarms were activated, the distance was measured, giving the proximate distance at a particular angle to the RFID antenna. The same procedure was repeated 10 times for each angle. In this test scenario, it was expected that the RFID system enables maximum detection area performance. The alert distance measurement provided with the proximity coverage area of RFID detection, which has been plotted on coverage area graph, is shown in Figure 15 . The second experiment was performed as a static test (immobile excavator) to evaluate the variation in the detection range of the RFID system. In this experiment, the RFID antenna was installed on an excavator and the tests were performed under the condition that the excavator remained immobile while the worker approached the excavator. Again, in this experiment, the number of repetitions was ten. Another experiment was performed with dynamic conditions (moving excavator). In this test, a RFID tagged worker stood static at his fixed position while the RFID antenna-installed excavator approached the same worker. This test was also performed for ten times. Figure 16 shows the experimental conditions of both the static and dynamic tests. The boundaries of the detection areas are the alarm activation distances, for both cases. Static and dynamic tests are demonstrated in Figure 17 as RFID detection area. The second experiment was performed as a static test (immobile excavator) to evaluate the variation in the detection range of the RFID system. In this experiment, the RFID antenna was installed on an excavator and the tests were performed under the condition that the excavator remained immobile while the worker approached the excavator. Again, in this experiment, the number of repetitions was ten. Another experiment was performed with dynamic conditions (moving excavator). In this test, a RFID tagged worker stood static at his fixed position while the RFID antenna-installed excavator approached the same worker. This test was also performed for ten times. Figure 16 shows the experimental conditions of both the static and dynamic tests. The boundaries of the detection areas are the alarm activation distances, for both cases. Static and dynamic tests are demonstrated in Figure 17 as RFID detection area. Table 7 summarizes the maximum range test, static test, and dynamic tests as explained earlier.
In the case of maximum range test, the minimum proximity distance (4.0 m) was detected for an angle of 170°, while maximum coverage range distance was detected at angles of 80° and 100°. The minimum detection was found to be 4.3 m at an angle of 30° for the static test. The maximum detection distance for the static test was 6.5 m at 80°. For the dynamic testing, the minimum and maximum detection distances were 3.6 m and 5.2 m, at angles of 140° and 80°, respectively. Based on the results obtained from the maximum range test, and static and dynamic tests, it is concluded that the minimum safe zone is 3 or 4 m. The second experiment was performed as a static test (immobile excavator) to evaluate the variation in the detection range of the RFID system. In this experiment, the RFID antenna was installed on an excavator and the tests were performed under the condition that the excavator remained immobile while the worker approached the excavator. Again, in this experiment, the number of repetitions was ten. Another experiment was performed with dynamic conditions (moving excavator). In this test, a RFID tagged worker stood static at his fixed position while the RFID antenna-installed excavator approached the same worker. This test was also performed for ten times. Figure 16 shows the experimental conditions of both the static and dynamic tests. The boundaries of the detection areas are the alarm activation distances, for both cases. Static and dynamic tests are demonstrated in Figure 17 as RFID detection area. Table 7 summarizes the maximum range test, static test, and dynamic tests as explained earlier.
In the case of maximum range test, the minimum proximity distance (4.0 m) was detected for an angle of 170°, while maximum coverage range distance was detected at angles of 80° and 100°. The minimum detection was found to be 4.3 m at an angle of 30° for the static test. The maximum detection distance for the static test was 6.5 m at 80°. For the dynamic testing, the minimum and maximum detection distances were 3.6 m and 5.2 m, at angles of 140° and 80°, respectively. Based on the results obtained from the maximum range test, and static and dynamic tests, it is concluded that the minimum safe zone is 3 or 4 m. Table 7 summarizes the maximum range test, static test, and dynamic tests as explained earlier.
In the case of maximum range test, the minimum proximity distance (4.0 m) was detected for an angle of 170 • , while maximum coverage range distance was detected at angles of 80 • and 100 • . The minimum detection was found to be 4.3 m at an angle of 30 • for the static test. The maximum detection distance for the static test was 6.5 m at 80 • . For the dynamic testing, the minimum and maximum detection distances were 3.6 m and 5.2 m, at angles of 140 • and 80 • , respectively. Based on the results obtained from the maximum range test, and static and dynamic tests, it is concluded that the minimum safe zone is 3 or 4 m. 
The proposed RFID detection system has significant importance in enhancing the safety at a construction site, especially for the workers working in the vicinity of an operational excavator. Therefore, it is of prime importance to check the false positivity and false negativity of the proposed RFID detection system. These tests were performed in outside conditions, Figure 18 . The result of these tests demonstrated no false alerts (including nuisance alarms) during any of the 30 trials run at 3 m detection zone, summarized in Table 8 . From empirical evidence, it follows that the reliable detection distance corresponds to 3.0 m. 
Total System Test
Finally, we performed the field experiment to verify the applicability of the total system (including AVM, RFID, and excavator control system) on a construction site. The test procedures are:
(1) Install proximity warning and excavator control system to equipment (4-RFID antennas, main control board, an alarm device, 4-fisheye cameras, and display device) and workers (RFID tag), Figure 18 . False alarm test. 
(1) Install proximity warning and excavator control system to equipment (4-RFID antennas, main control board, an alarm device, 4-fisheye cameras, and display device) and workers (RFID tag), Figure 19 . Depending on the equipment type and field conditions, the detection area can be changed by adjusting the installation position and angle of the RFID antenna. In this test, wheel type and track-type excavators were used. Figure 20 shows the configuration used for this test. The alarm device and control block were activated correctly when a worker with a RFID tag entered the RFID antenna's detection range. Additionally, the system did not work when the person was outside the detection range of the RFID antenna. When a warning signal was transmitted from the main control board, a visual alarm appeared on the display device. Depending on the mode selected by the remote control, the image view was automatically switched to the front, left/right, or rear. This display device provided the operator with more detailed information, enabling them to better identify a proximity situation. A swing control and travel control have also been successfully tested. The excavator was automatically stopped (control signal) and operated (normal signal) when the control block was activated by the main control board. In this test, wheel type and track-type excavators were used. Figure 20 shows the configuration used for this test. The alarm device and control block were activated correctly when a worker with a RFID tag entered the RFID antenna's detection range. Additionally, the system did not work when the person was outside the detection range of the RFID antenna. When a warning signal was transmitted from the main control board, a visual alarm appeared on the display device. Depending on the mode selected by the remote control, the image view was automatically switched to the front, left/right, or rear. This display device provided the operator with more detailed information, enabling them to better identify a proximity situation. A swing control and travel control have also been successfully tested. The excavator was automatically stopped (control signal) and operated (normal signal) when the control block was activated by the main control board. 
Limitations and Future Research
This study presents a proximity warning and excavator control system to prevent collision accidents at construction sites. In this paper, we also evaluated the applicability of the proposed system. A limitation of this system is: as this system detects RFID tags in its coverage range, it suddenly halts the excavator, causing additional vibration in the excavator. This can be an inconvenience to the operator. In order to solve this problem, we set the response time of the present system at a delay of 1 second, which enables the system to minimize abrupt braking of the excavator. The delayed time setting helped to reduce the problem of sudden excavator stoppage. This delay time was decided after discussing with the excavator operator. However, the vibration problem is highly dependent on the feelings of the operator and can vary from person to person. So, detailed research is needed for delay time settings with the synchronization of the mechanical equipment and human vibration feeling effects.
Conclusions
In this paper, the proximity warning and control system has been developed for the prevention of collision accidents around an excavator. RFID and AVM systems for detection or monitoring of workers and an excavator control system are the main functions of the proposed system. The RFID technology was selected to detect the hazard proximity situation in real-time. However, the RFID does not provide visual information that can distinguish workers from harmless objects. To overcome such a drawback, an AVM system was used. A visual method of monitoring allows an equipment operator to check the surrounding hazards precisely. In addition, authors proposed an automatic excavator control method to prevent collision accidents. Several experiments were performed to verify the applicability and reliability of the system. Firstly, we performed a temperature cycling test which confirmed the operating temperature from −10 • C to 55 • C with up to 90% relative humidity for the normal operation of this system. Secondly, the reliability of the AVM system was tested in lab and field environments for long periods of operation. Another experiment was performed to identify the range of the RFID detection area under static and dynamic conditions. We also performed false alarm tests at a construction site, resulting in the determination of a 3.0 m safety zone around the working excavator. Final experiments were performed for evaluation of the proximity warning and excavator control systems at a construction site. In this test, the system proved its competence for detecting the presence of any hazardous proximity situations, and this system proved itself efficient in reducing collision accidents at construction sites.
